Introduction {#s1}
============

Rapid advances in the synthesis of materials on a molecular scale has led to the production of a diverse range of nanomaterials including carbon nanotubes (CNTs). CNTs are rolled up sheets of graphite and can be designed to have a single wall (SWCNT), which are often 1-2 nanometers in diameter, or multiple walls (MWCNT) which can achieve external diameters from 10-250 nm. Although the diameters of nanotubes are very small, lengths of synthesized nanotubes can vary from nanometers to centimeters. CNTs have many distinctive physical and chemical properties due to their strong carbon-carbon (C-C) sigma bonds and sp2 hybridization, including high tensile strength, thermal and electrical conductivity \[[@B1]\]. With multiple potential industrial and medical applications, the demand for CNTs has risen rapidly, leading to mass production of nanotubes. However, with a size and shape similar to asbestos fibers, concern has been raised for pulmonary toxicity secondary to occupational and environmental exposure \[[@B2]\]. Much research has been devoted towards ascertaining the risk of CNT toxicity over the last 15 years \[[@B3],[@B4]\].

In addition to direct pulmonary toxicity, investigators have questioned how inhalation of CNTs may also directly or indirectly alter pulmonary or systemic immunity. SWCNT exposure can activate alveolar macrophages, suggesting that nanotubes may enhance pulmonary immunity \[[@B5]\]. Additionally, Both SWCNTs and MWCNTs have been shown to exacerbate the allergic immune response in mice following ovalbumin sensitization \[[@B6],[@B7]\]. However, others have shown that exposure to CNTs may suppress the immune response \[[@B8]-[@B11]\]. Extrapolating from those results, one could anticipate that exposure to CNTs would alter and inhibit the immune response to microorganisms. One study reported that SWCNT inhalation inhibited phagocytosis and decreased pulmonary clearance of *Listeria monocytogenes* in mice \[[@B12]\]. However, the same SWCNTs had no effect on the early immune response to *Toxoplasma gondii* infection \[[@B13]\] . Thus, consequences of CNT-induced alterations of the host immune response to pathogens are not universal and studies focusing on pulmonary pathogens are needed. To date, there has been no published research as to whether or how CNT exposure alters the immune response to known pulmonary pathogens.

*Pseudomonas aeruginosa* is an opportunistic, ubiquitous, Gram-negative pathogen and a major cause of nosocomial pulmonary infections \[[@B14]\]. Pulmonary infection in immune-competent individuals is usually self-limiting, utilizing a robust acute inflammatory response to clear the infection and prevent colonization. However, *P. aeruginosa* is a significant cause of chronic infection and morbidity in patients with cystic fibrosis and chronic obstructive pulmonary disease, ventilator-associated pneumonia, and immunocompromised patients. Given the concern for pulmonary exposure to CNTs, the various immunomodulatory properties of CNT reported in the literature, and the lack of CNT toxicity research using pulmonary pathogens, our lab investigated the effect helical carbon nanotube (HCNT) exposure had on subsequent pulmonary infection of *P. aeruginosa* in mice.

Materials and Methods {#s2}
=====================

Chemicals and cell lines {#s2.1}
------------------------

Chemicals were purchased from Sigma-Aldrich, unless stated otherwise.

Preparation of HCNTs {#s2.2}
--------------------

HCNTs (Cheap Tubes Inc.) were suspended to 1 mg/ml in DMEM without phenol (Gibco) with dispersal media (0.01% Tween-80 in phosphate buffered saline (PBS)), vortexed, sonicated on ice, and diluted to desired concentrations. The enotoxin concentration was determined by the *Limulus* amebocyte assay (ToxinSensor Chromogenic LAL Endotoxin Assay Kit, GenScript, Piscataway, NJ, detection limit 0.005 EU/ml). Dispersion following sonication was determined by measuring light absorption at 550 nm. Physical characteristics of the starting material were assessed with transmission and scanning electron microscopy (TEM, SEM), and Raman spectroscopy. Elemental analysis was performed using energy dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). The size distribution and zeta potential of dispersed particles in the dispersal media was performed using a Zetasizer Nano ZS(Red Badge) ZEN3600 (Malvern Instruments, Paris, France) (see [Text S1](#pone.0080283.s009){ref-type="supplementary-material"} and [Figures S1-S7](#pone.0080283.s001){ref-type="supplementary-material"}).

Molecular, cytotoxicity, and immunological assays {#s2.3}
-------------------------------------------------

Protein concentrations were determined by the BCA protein assay kit (Pierce). Lactate dehydrogenase levels were determined by the CytoTox 96 non-radioactive cytotoxicity assay (Promega). KC and MCP-1 concentrations were determined using ELISA kits (R&D Systems).

Ethical statement {#s2.4}
-----------------

The animal study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Illinois at Urbana-Champaign (Protocol Number: 10234).

HCNT exposure {#s2.5}
-------------

Animal studies were performed with approval by the Institutional Animal Care and Use Committee at the University of Illinois at Urbana-Champaign. Six-week old wild-type CD-1 mice (Charles River Laboratories) were housed in positively ventilated microisolator cages with automatic recirculating water, located in a room with laminar, high efficiency particle accumulation-filtered air. The animals received autoclaved food, water, and bedding. Exposure to HCNTs was performed by intranasally inoculating mice with 50 ug of HCNTs in 50 µl of dispersal media or equivalent volume of dispersal media alone either once or twice/week for 3 weeks (Monday and Thursday). Mouse lungs were lavaged or collected for histopathology 24 hours after the last treatment.

Pulmonary clearance of *P. aeruginosa* {#s2.6}
--------------------------------------

Pulmonary clearance of *P. aeruginosa* was assessed following 3 weeks of exposure to HCNTs as described above by giving mice a single intranasal dose of PAO1 (10^7^ CFU in 50 µl) at 6 or 72 hours following the last HCNT administration\[[@B12]\]. After 24 hours, mouse lungs were harvested for bacterial enumeration, histopathology, or lavaged for immune cell enumeration, and chemokine determination. Depletion of neutrophils was accomplished by intraperitoneal (IP) injection of 0.2 mg anti-Ly6G antibody (BioXCell) 48 hours following the last HCNT administration and infecting mice with 10^4^ CFU PAO1 24 hours later. Depletion of systemic macrophages was accomplished by IP injections of clodronate liposomes (clodronate liposomes.com) at 72 hours (5.0 mg/mouse) and 24 hours (1.0 mg) prior to infection. Neutrophil and macrophage depletions were assessed by analyzing the bronchoalveolar lavage (BAL) samples and blood smears taken from abdominal venipuncture (n=3-4).

Assessment of phagocytosis by alveolar macrophages {#s2.7}
--------------------------------------------------

Phagocytosis of *P. aeruginosa* by alveolar macrophages following HCNT exposure was accomplished by giving mice a single intranasal dose of a PAO1 strain expressing green fluorescent protein (PAO1-GFP) (10^7^ CFU in 50 µl). After 1 hour, mouse lungs were lavaged for cell collection and phagocytosis determination.

Bronchoalveolar lavage {#s2.8}
----------------------

BAL was performed as previously described \[[@B15],[@B16]\]. Leukocytes were enumerated by a hemocytometer. Cell differential was determined microscopically following cytospin preparation of cells stained with Kwik-Diff (Thermoscientific). At least 200 cells per slide were counted. Cells collected for confocal microscopy were concentrated on glass slides by cytospin and fixed fixed with 4% paraformaldehyde for 1 hour. Phagocytosis of PAO1-GFP was determined by evaluating at least 200 macrophages by confocal microscopy.

Histopathology evaluation of mouse lungs {#s2.9}
----------------------------------------

Mouse lungs were collected for histopathological analyses as described previously \[[@B17]\]. Lung sections were stained with hematoxylin and eosin (H&E) or with Alcian blue.

Statistical analysis {#s2.10}
--------------------

Normality of the data was evaluated using the Anderson-Darling normality test with rejection of normality when p-value \< 0.05. Data were then analyzed for statistical significance by Student\'s t-tests, with differences between means considered significant when p-value \< 0.05. For comparing the means of groups of three or more, data were analyzed for statistical significance by ANOVA followed by Tukey's tests for comparison between the means.

Results {#s3}
=======

Characterization and dispersal of HCNTs {#s3.1}
---------------------------------------

HCNTs (Cheaptubes, Inc. Brattleboro, VT) were chosen for our study due to their unique shape in comparison to other CNTs. Scanning electron microscopy (SEM) images show many of the tubes folding into complex structures and/or having sharp kinks ([Figure 1A](#pone-0080283-g001){ref-type="fig"}). A summary of their physical characteristics is shown in [Table 1](#pone-0080283-t001){ref-type="table"}. SEM of the dispersed HCNTs demonstrated a diameter distribution of 50-500 nm, with an average about \~200 nm. The length distribution was determined by edge extraction from SEM images with NeuronJ \[[@B18]\], finding a range of lengths from 1.1-2.7 µm with average \~1.9 µm \[[@B19]\]. Using the diameter and length information, the specific surface area (SSA) of the HCNTs was calculated to be 38.6 ± 28.7 m^2^/g (see [Text S1](#pone.0080283.s009){ref-type="supplementary-material"}). X-ray photoelectron spectroscopy (XPS) revealed that HCNTs are comprised of 99.5% carbon, 0.43% aluminum, and 0.08% chlorine. Oxygen was also present and likely due to adsorbed water. Energy dispersive X-ray spectroscopy (EDX) revealed predominantly carbon and trace amounts of iron and oxygen. Because iron was not detected by XPS, it comprised \< 0.01% of the HCNTs. Particle size distribution of dispersed samples demonstrated a mean size of 532 nm. The zeta potential of dispersed HCNTs in dispersal media was determined to be -3.04 mV. Full details of the characterization of HCNTs can be found in the [Figures S1-S7](#pone.0080283.s001){ref-type="supplementary-material"}. Dispersal using 0.01% Tween-80 in PBS, which has been used with no noticeable biologic effects at low concentrations \[[@B6],[@B20]\], followed by sonication achieved satisfactory dispersal with minimal agglomeration ([Figure 1B](#pone-0080283-g001){ref-type="fig"}). Endotoxin levels of HCNTs in dispersal media were \< 0.005 EU/ml.

![HCNTs resuspended in 0.01% Tween-80 are adequately dispersed prior to use.\
(**A**) A representative SEM image of HCNTs shows moderate variability in the diameter of individual tubes as well as sharp kinks and folding. The circled area highlights the diameter measurement using Gwyddion software (see supporting information). (**B**) Absorbance as a measurement of dispersion following 5 minutes of sonication. The decrease in absorbance over time is from dispersed HCNTs settling by gravity. A brief vortexing resuspends the HCNTs.](pone.0080283.g001){#pone-0080283-g001}

10.1371/journal.pone.0080283.t001

###### Characteristics of HCNTs.

  -------------- ----------------------
  Width          µ = 199.9 ± 127.8 nm
  Length         µ = 1.9 ± 0.8 µm
  Surface area   38.6 ± 28.7 (m^2^/g)
  Purity         \> 99.5% carbon
  -------------- ----------------------

The inflammatory response to HCNTs in vivo {#s3.2}
------------------------------------------

Without any information regarding HCNT toxicity in the literature, we first exposed CD-1 mice to 50 μg of HCNTs either once or 2X/week for 3 weeks (repeat exposure). Macrophages readily phagocytized HCNTs ([Figure 2A](#pone-0080283-g002){ref-type="fig"}, arrows). Cytological analyses from BAL analyses showed that 71% and 88% of the macrophages in the once and repeat exposure mice, respectively, had phagocytized HCNTs ([Figure S8](#pone.0080283.s008){ref-type="supplementary-material"}). HCNTs do not appear to be significantly cytotoxic as both total protein and lactate dehydrogenase levels in the BAL fluid (BALF) were not statistically different between the HCNT and control groups following single or repeat exposures ([Figure 2B](#pone-0080283-g002){ref-type="fig"}). HCNT exposure resulted in a statistically significant increase in the number of neutrophils in the BALF 24 hours after a single inoculum of HCNTs was administered and macrophages were elevated in mice repeated exposed to HCNTs ([Figure 3A](#pone-0080283-g003){ref-type="fig"}). Mouse neutrophil chemotactic chemokine KC was significantly elevated in the BALF of single (64%) and repeat (1593%) HCNT exposed mice compared to controls. The levels of macrophage chemotactic chemokine MCP-1 were not significantly different ([Figure 3B](#pone-0080283-g003){ref-type="fig"}).

![Acute and repeated exposure to HCNTs result in phagocytosis of HCNTs by alveolar macrophages.\
(**A**) Cytospin preparation of BALF from an HCNT treated mouse 24 hours after one administration. Many of the macrophages have phagocytized HCNTs (arrows). (**B**) Total protein and LDH levels measured from the BALF of mouse lungs acutely (1 day) and repeat (21 days) exposed to HCNTs. Black bars = HCNT, white bars = control. n = 3-4 for each group. \* p \< 0.05. Error bars indicate standard error of the mean.](pone.0080283.g002){#pone-0080283-g002}

![Acute and repeat exposure to HCNTs result in changes in the murine pulmonary leukocyte population.\
(**A**) Quantitative analyses of the leukocyte populations in the BALF 1 day and 21 days after exposure to HCNTs. (**B**) KC and MCP-1 measured from the BALF of mouse lungs acutely (1 day) and repeatedly (21 days) exposed to HCNTs. KC levels were significantly elevated in the BAL following acute and repeated exposure to HCNTs.. Black bars = HCNT, white bars = control. n = 3-4 for each group. \* p \< 0.05. Error bars indicate standard error of the mean.](pone.0080283.g003){#pone-0080283-g003}

Repeated exposure to HCNTs induces pulmonary lesions {#s3.3}
----------------------------------------------------

Repeated exposure to CNTs has resulted in a variety of pulmonary lesions in animal models including granuloma formation, bronchiolar and alveolar fibrosis, and goblet cell hyperplasia \[[@B21],[@B22]\]. In our models, the lungs from control mice receiving dispersal media were unremarkable ([Figure 4A](#pone-0080283-g004){ref-type="fig"}). In contrast, repeated administration of HCNTs resulted in multiple granulomas ([Figures 4B and C](#pone-0080283-g004){ref-type="fig"}) in the lungs of mice. HCNT-laden macrophages could be found in all lung lobes examined within the terminal bronchioles and alveolar spaces ([Figures 4D and E](#pone-0080283-g004){ref-type="fig"}). The lungs also contained foci of goblet cell metaplasia, a phenomenon reported in other studies of CNT exposure \[[@B6],[@B25],[@B26]\], confined to the proximal airways ([Figure 4F](#pone-0080283-g004){ref-type="fig"}).

![Repeated exposure to HCNTs results in multiple pulmonary lesions.\
(**A**) Mice exposed to the dispersal media (PBS + 0.01% Tween-80) showed no significant changes in the bronchi or alveolar spaces. (**B**) Mice exposed to HCNTs developed multiple granulomas (arrows). (**C**) A higher magnification of the rectangular inset from B. (**D**) HCNT laden macrophages can be found both within the terminal bronchiole (arrows) and alveolar spaces. (**E**) HCNTs can be found within the alveolar walls and epithelial cells (arrows) and can be distinguished from epithelial cell nuclei (arrowheads). (**F**) Alcian blue staining of the lungs repeatedly exposed to HCNTs show evidence of goblet cell hyperplasia in the larger conducting airways. Inset is a higher magnification of the bronchiolar epithelium.](pone.0080283.g004){#pone-0080283-g004}

Pulmonary immune response to *P. aeuruginosa* following repeated HCNT administration {#s3.4}
------------------------------------------------------------------------------------

To examine whether repeated HCNT exposure could inhibit clearance of *P. aeruginosa* strain PAO1, we modified a protocol from Shvedova et al. \[[@B12]\]. A cohort of CD-1 mice was repeatedly exposed to HCNTs as above. In order to minimize the influence of free HCNTs interacting with pathogens in the alveolar spaces, mice were given PAO1 (10^7^ CFU/mouse) 72 hours after the last HCNT administration. Mice lungs were analyzed 24 hours later. Histologic examination of the lungs showed a more robust inflammatory response to PAO1 infection in the HCNT exposed mice ([Figure 5A](#pone-0080283-g005){ref-type="fig"}) than the dispersal medium controls ([Figure 5B](#pone-0080283-g005){ref-type="fig"}). Greater number of leukocytes, neutrophils, and macrophages were recovered from the BALF of HCNT exposed and infected mice when compared to infected mice that only received the dispersal media ([Figure 5C](#pone-0080283-g005){ref-type="fig"}). Neutrophil and macrophage chemotactic factors KC and MCP-1 were elevated by 47%, and 89%, respectively, in the BALF of HCNT exposed mice compared to controls following PAO1 infection ([Figure 5D](#pone-0080283-g005){ref-type="fig"}), which supported the histologic evidence of enhanced leukocyte trafficking. Interestingly, there was no significant difference in the clearance of PAO1 from HCNT exposed mice compared to control mice ([Figure 5E](#pone-0080283-g005){ref-type="fig"}). We repeated the experiment and infected the mice 6 hours after the last HCNT treatment to minimize egress of HCNT-laden macrophages. Again, there was no significant difference in the clearance of PAO1 from HCNT compared to control mice ([Figure 5E](#pone-0080283-g005){ref-type="fig"}).

![Repeated HCNT exposure enhances pulmonary inflammation without impeding clearance of *P. aeruginosa*.\
Mice received HCNTs or PBS/Tween 80 twice/week for 3 weeks. Three days after the last treatment, *P. aeruginosa* strain PAO1 (10^7^/mouse) was given to all mice. (**A**-**B**) Representative images of paraffin embedded lungs from mice 24 hours after PAO1 was administered show that HCNT treated mice had a more robust inflammatory response (A) compared to control mice (B). (**C**) Cytospin preparations from the BALF of mice 24 hours after PAO1 administration shows a significant increase in the numbers of neutrophils and macrophages from HCNT treated mice compared to controls. (**D**) KC and MCP-1 measured from the BALF of mouse lungs after PAO1 infection following repeated exposure to HCNTs or dispersal media. All parameters were elevated in HCNT exposed mice compared to controls, with MCP-1 reaching statistical significance. (**E**) Clearance of PAO1 in mice was determined by homogenization of whole lungs followed by serial dilutions and plating. Mice were infected 6-72 hours after the last HCNT treatment. Repeated administration of HCNTs did not affect the clearance of PAO1 from the lungs 24 hours after PAO1 infection. Black bars = HCNT, white bars = control. n = 5 to 6 mice for each group. \* p \< 0.05. Error bars indicate standard error of the mean.](pone.0080283.g005){#pone-0080283-g005}

Because clearance of pathogens relies on multiple factors, including neutrophils and macrophages, and prior work has shown direct evidence of inhibition of bacterial phagocytosis by CNTs, we repeated the three week exposure protocol, infected mice with 10^7^ CFU PAO1 expressing GFP, and recovered the alveolar macrophages for confocal microscopy. Analysis showed that a significantly greater percentage of alveolar macrophages from control mice had phagocytized bacteria compared to HCNT treated mice ([Figure 6](#pone-0080283-g006){ref-type="fig"}).

![HCNTs inhibit phagocytosis of *P. aeruginosa*.\
Macrophages from mouse lungs pre-exposed to HCNTs are less efficient at phagocytizing PAO1-GFP. n = 3 mice for each group, a minimum of 200 macrophages were counted per mouse. Black bars = HCNT, white bars = control. \* p \< 0.05. Error bars indicate standard error of the mean.](pone.0080283.g006){#pone-0080283-g006}

Depletion of select lineages of leukocytes alters the clearance of *P. aeruginosa* in HCNT exposed mice {#s3.5}
-------------------------------------------------------------------------------------------------------

To clarify the roles of neutrophils and macrophages during the immune response to *P. aeruginosa* infection in HCNT-exposed lungs, we used either clodronate liposomes to deplete macrophages or anti-Ly6G antibodies to deplete neutrophils. Clodronate and Ly6G antibody treatment significantly alters the leukocyte differentials in both the BAL and in circulation following PAO1 infection ([Table 2](#pone-0080283-t002){ref-type="table"}). Mice treated with anti-Ly6G antibodies had significantly decreased numbers of neutrophils in both the BAL and circulation compared to non-depleted mice. Surprisingly, HCNT exposed mice depleted of neutrophils prior to PAO1 infection had a significantly increase in the number of macrophages in the BAL and decreased PAO1 recovered from the lungs by 1.5 log compared to control mice ([Figure 7A, B](#pone-0080283-g007){ref-type="fig"}). On the other hand, HCNT exposed mice which were systemically depleted of macrophages were less able to clear a PAO1 infection than control mice by about 0.5 log ([Figure 7C](#pone-0080283-g007){ref-type="fig"}).

10.1371/journal.pone.0080283.t002

###### Leukocyte differentials from the blood and BAL of mice after infection by PAO1.

          Treatment              \% Neutrophils      \% Lymphocytes      \% Macrophages
  ------- ---------------------- ------------------- ------------------- -----------------
          No pretreatment        73.2 ± 2.5          2.2 ± 0.7           24.7 ± 2.4
  BAL     Clodronate liposomes   86.7 ± 1.1\*        0.7 ± 0.2           12.7 ± 0.9
          Anti Ly6G antibody     23.2 ± 4.8\*^†^     2.3 ± 0.3^†^        74.5 ± 5.0\*^†^
          No pretreatment        44.3 ± 5.6          34.3 ± 6.5          21.5 ± 2.3
  Blood   Clodronate liposomes   56.5 ± 3.8          33.2 ± 2.8          10.3 ± 1.7\*
          Anti Ly6G antibody     2.5 ± 0.8\*^†^      81.2 ± 3.7\*^†^     16.3 ± 3.5

Values are means ± SE. n = 3 mice per group. \* p \< 0.05 vs. no pretreatment. ^†^ p \< 0.05 vs. Clodronate liposomes.

![HCNT pre-exposure affects clearance of *P. aeruginosa* in mice depleted of specific lineages of leukocytes.\
(**A**) Preexposure to HCNTs in neutrophil depleted mice significantly increased the number of macrophages in the BAL in response to PAO1 infection. n = 5 mice for each group. \* p \< 0.05. Error bars indicate standard error of the mean. (B) HCNT exposed mice had increased clearance of PAO1 from the lungs than control mice when depleted of neutrophils prior to infection. (C) HCNT exposed mice had reduced clearance of PAO1 when systemically depleted of macrophages. Black bars = HCNT, white bars = control. n = 8 to 11 mice for each group. \* p \< 0.05. Error bars indicate standard error of the mean.](pone.0080283.g007){#pone-0080283-g007}

Discussion {#s4}
==========

In this study, we analyzed the pathogenesis of acute and repeated pulmonary exposure to HCNTs and their impact on the pulmonary immune response and clearance of *P. aeruginosa*. Repeated exposure to HCNTs produced lesions in mice similar to what has been reported following exposure to SWCNTs and MWCNTs including granulomas \[[@B23]-[@B25]\] and goblet cell hyperplasia (\[[@B25]-[@B27]\] as well as elevated proinflammatory cytokines \[[@B24],[@B26]\]. Furthermore, our results have shown that HCNT exposure can inhibit phagocytosis of *P. aeruginosa* by alveolar macrophages. Our aforementioned results are similar to those reported by Shvedova et al. \[[@B12]\] following a single administration of 40 μg of SWCNTs in mice. However, they reported diminished clearance of *L. monocytogenes* following CNT exposure. In contrast, clearance of *P. aeruginosa* was not affected in our study. The lack of inhibition on pathogen clearance by nanoparticles, as shown in the current study, is not unique. For example, intratracheal inoculation of titanium dioxide nanorods in rats did not affect clearance of *L. monocytogenes* infection \[[@B28]\]. In fact, the clearance of *L.monocytogenes* was enhanced in rats exposed to silica \[[@B29]\]. Similarly, SWCNT exposure had no effect on the early immune response to *T. gondii* infection \[[@B13]\]. These results and ours demonstrate that the impact of airborne particulates on pulmonary immunity is not uniform and, in part, depends the type of particulate and the host-pathogen relationship.

Most research regarding CNT toxicity has focused on SWCNTs and MWCNTs while other CNT configurations including HCNTs and carbon nanohorns have received scant attention. Rapid adaptation and application of SWCNTs and MWCNTs into commercial products along with the development of bulk manufacturing plants to meet demand most likely accounts for this as it quickly raised awareness of these products in the toxicology community. Although the straight shapes of SWCNTs and MWCNTs allow for multiple applications, non-linear carbon nanotube configurations may be superior to straight nanotubes for specific roles. HCNTs possess similar mechanical properties as other CNTs such as semiconduction and high tensile strength. In addition, they show semimetallic characteristics not seen in straight CNTs \[[@B30]\] and it is hypothesized that HCNTs may also have superconductive properties. HCNTs have demonstrated an elastic spring-like behavior under tension \[[@B31]\] and could be developed as mechanical nanosprings. Additionally, the helical shape can enhance bonding strength between HCNTs greater than straight nanotubes, thus providing increased tensile strength \[[@B32]\]. HCNTs have been shown to be superior to SWCNTs as mechanical resonance sensors \[[@B33]\]. Conducting electricity through an HCNT results in the generation of an inductive magnetic field, which cannot be achieved in straight nanotubes, and thus HCNTs may be used to manufacture electromagnetic nanoswitches \[[@B32]\]. Understanding the potential toxicity of HCNTs would allow for the implementation of proper safety protocols prior to mass production.

The proinflammatory response and pulmonary lesions observed in our studies using HCNTs are quite similar to what has been reported in the literature in mice exposed to MWCNTs. In one study by Ronzani et al. a single administration of 25μg of MWCNTs resulted in elevated neutrophils and KC in the BAL exposed mice compared to controls similar to what we observed with our HCNTs. Repeat administrations (once every 7 days) of 25μg of MWCNTs over 21 days also resulted in elevated KC as well as macrophages, neutrophils, and lymphocytes in the BAL and histologic evaluation of MWCNT exposed lungs revealed granulomas and a minimal increase in collagen deposition around bronchioles \[[@B26]\]. Kim et al. also observed elevated neutrophils in the BAL of mice 24 hours after a single dose of 10μg or 100μg MWCNT as well as mildly elevated total cell counts in the BAL 2 weeks after administration and granulomatous inflammation in the 2 week post-exposure group \[[@B34]\]. Additional studies have documented the formation of pulmonary granulomas following MWCNT exposure \[[@B35],[@B36]\]. Porter et al. reported elevations of neutrophils in the BAL of mice out to 56 days post MWCNT exposure \[[@B25]\]. Interestingly, exposure to MWCNTs resulted in the elevation of both total protein and LDH in the BAL whereas ours did not. A direct comparison of multiple studies may be difficult because of variables inherent to the specific MWCNTs used including diameter, length, purity, and production method. However, the host reaction to our HCNTs is similar to that of the straight MWCNTs with the exception that MWCNTs may be more cytotoxic than HCNTs as indicated by LDH and protein levels in the BAL.

Interpreting the impact of CNT exposure on clearance of pulmonary infections must take into account the pathogen used in the individual study. An effective immune response to *L. monocytogenes* infection requires phagocytosis, processing, and expression of antigens by macrophages to CD4 and CD8 T cells \[[@B37]\]. Thus interference with these functions by CNTs may significantly inhibit clearance. Neutrophils, however, are essential in the immune response of *P. aeruginosa* pulmonary infection and failure to do so results in elevated mortality \[[@B38],[@B39]\]. During *early P. aeruginosa* infection, macrophages are essential for the release of neutrophil chemotactic factors \[[@B40],[@B41]\] but the relative contribution of macrophage phagocytosis in clearance, although suggested to be important, remains to be elucidated in vivo. Our results demonstrate that CNT-induced elevation of both neutrophils and infiltrating macrophages ([Figure 5C](#pone-0080283-g005){ref-type="fig"}) may compensate for reduced macrophage phagocytosis, allowing for efficient clearance of extracellular pathogens.

Interestingly, the lungs of mice preexposed to HCNTs and depleted of neutrophils contained significantly fewer PAO1 (1.5 log) compared to control-neutrophil depleted mice, contrary to what would be expected if HCNTs inhibited macrophage function. Examination of the BAL showed that the HCNT exposed mice contained more than twice as many macrophages than the control mice, suggesting that HCNT exposure induces macrophage chemotaxis following infection and the increased numbers of macrophages inhibit PAO1 proliferation. By depleting systemic macrophages with clodronate, control mice were better able to clear PAO1 infection than HCNT exposed mice, indicating that deficiencies in HCNT-laden alveolar macrophage function are also compensated by recruitment of systemic macrophages during infection.

Our exposure protocol is similar to those used in experiments demonstrating exacerbation of the immune system in allergy models by CNTs \[[@B6]\] as well the study involving the immune response to *T. gondii* \[[@B13]\]. A previous study has shown that approximately 50% of intranasally administered materials reach the lungs of mice \[[@B42]\]. Based on this assessment, we estimated the total HCNT deposition in the lungs to be \~25 µ per treatment and \~150 µg over the three weeks. Using previously published estimates of human minute ventilation during light work (20 L/minute) and a 40 hour work-week \[[@B43]\], deposition fraction of nano-sized particulates (30%) \[[@B25]\], mouse alveolar surface area (0.5 m^2^) and human alveolar surface area (102 m^2^) \[[@B25],[@B44]\] calculated equivalent human deposition would be obtained in 8.4 years, 1.1 years, and 2.7 months when exposed to 53, 400, and 2000 μg/m^3^, respectively, representing airborne concentrations measured from facilities with various controls to limit airborne exposure \[[@B25],[@B45],[@B46]\]. Currently the Center for Disease Control/National Institute of Occupational Health and Safety recommends an exposure limit of 1 μg/m^3^ (NIOSH Current Intelligence Bulletin 65). At such a low concentration calculated equivalent human exposure would take \~ 443 years. However, as indicated above, facilities currently do not have control measures in place to achieve such a low exposure limit. Subchronic inhalation studies with rats showed a no-observed adverse effect level of 400 μg/m^3^ and, after adjusting for differences between rat and human lung anatomy and physiology to calculate human deposition equivalent, suggested an occupation exposure limit of 50 μg/m^3^ \[[@B47]\].

One shortcoming of this estimation is accounting for clearance of HCNTs over time. One study in a rat model demonstrated that less than 0.15% of a single dose of 100 μg SWCNTs will translocate across the pulmonary epithelium \[[@B48]\]. A second rat study showed no change in the % of alveolar macrophages containing CNTs until 3 months after receiving one dose and can still found in macrophages after 6 months \[[@B49]\]. The presence of HCNTs was evident in more than 88% of alveolar macrophages in our study following 3 weeks of treatment (see [Figure S8](#pone.0080283.s008){ref-type="supplementary-material"}). Inhalation studies of carbon nanotubes have reported a biological half-life in the lungs from 51 days to 375 days depending on the airborn concentration and days of exposure has been reported \[[@B47],[@B50],[@B51]\]. Although it is unlikely that all 150 µg of HCNTs were present in the lungs at the end of our study, published studies and our observations evidence suggests that the majority of the nanotubes were still in the lungs. If we consider that less than 100% of the 150 µg dose is present, this would imply that the inflammatory response and alterations in phagocytosis resulted from a cumulative burden of less than 150 µg, suggesting that the equivalent human deposition would be obtained in less than 8.4 years, 1.1 years, or 2.7 months using the recorded airborne concentrations listed above.

The elevated inflammatory response to pathogens and subsequent clearance may depend on the size of CNTs. Although no infection models comparing different CNTs have been published, results from ovalbumin sensitized mice suggest that longer MWCNTs are more proinflammatory than shorter CNTs \[[@B52],[@B53]\]. Our HCNTs are similar in length to long MWCNTs and the elevated inflammatory response they induced, of which neutrophils predominate, may contribute to the clearance of extracellular Gram-negative organisms, compensating decreased phagocytosis by alveolar macrophages. In spite of the potential benefit of pathogen clearance, the elevated inflammatory response may also be detrimental to the health of the host secondary to pulmonary injury resulting from the enhanced neutrophil influx.

The mechanisms of CNT-mediated inhibition of phagocytosis remain elusive. Physical structure and dose of the CNTs used have been suggested to play a role. *In vitro* assays have reported that SWCNTs inhibit phagocytosis greater than MWCNTs at low concentrations \[[@B54]\] and that inhibition of phagocytosis by MWCNTs is both diameter and concentration dependent \[[@B55]\]. Shvedova et al. showed a concentration dependent inhibition of the phagocytosis of *L.monocytogenes* by alveolar macrophages *in vitro* \[[@B12]\]. However, in *vivo* phagocytosis was inhibited to a similar extent in both the low and high dose groups, suggesting that inhibition of phagocytosis and clearance of pulmonary pathogens by CNTs may involve additional mechanisms.

Conclusions {#s5}
===========

We have demonstrated that repeated exposure to HCNTs cause pulmonary granulomas, fibrosis, goblet cell hyperplasia, and elevates proinflammatory cytokines both pre- and post-infection. In addition, HCNTs inhibit phagocytosis of *P. aeruginosa* by alveolar macrophages.. However, a robust early immune response to *P. aeruginosa* observed in HCNT exposed mice compensated for this defect. This immune modulation appears to require the presence of macrophages, as control mice depleted of circulating macrophages were better able to clear infection than HCNT exposed mice. This model represents acute infection of mice exposed to HCNTs. Our results do not preclude the possibility that HCNT exposure may exacerbate chronic infection by *P. aeruginosa*. Our results and those of others show that the pulmonary response and clearance of pathogens following exposure to particulates is not uniform and differs by particle type and pathogen used. Thus, identifying and establishing relative risk will require studying the interactions between additional CNTs and pulmonary pathogens.
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###### 

**A representative SEM of dispersed nanotubes.** SEM shows moderate variability in the diameter of individual tubes as well as sharp kinks and folding.

(TIF)

###### 

Click here for additional data file.

###### 

**Determination of HCNT diameter by SEM analysis.** (**A- i to iv**) Typical SEM images of helical HCNT powder adhered on double sided carbon tape, and (**A- v and vi**) on a SiO2/Si substrate following vacuum filtration and transfer from a nitrocellulose membrane. (**B**) Histogram of HCNT diameter distribution obtained from the SEM images of A, showing an average diameter of \~200 nm with distribution (dHCNT = 199.9±127.8 nm, n=80) as indicated.

(TIF)

###### 

Click here for additional data file.

###### 

**Determination of HCNT length by SEM analysis.** (**A- i to vi**). Typical SEM images used to measure lengths of HCNTs. (**B**) Histogram of HCNT length distribution obtained from the SEM images of A, showing an average length of \~1.9 μm with distribution (LHCNT = 1.9±0.8 μm, n=50) as indicated.

(TIF)

###### 

Click here for additional data file.

###### 

**EDX analysis of the HCNTs on a Si surface.** The EDX reveals the Si substrate, C from the helical HCNTs, and trace elements of O and Fe from the transfer and growth processes, respectively. Inset: a SEM micrograph of the region under assessment by EDX. HCNTs and tape residues are apparent.

(TIF)

###### 

Click here for additional data file.

###### 

**XPS analysis of HCNTs.** (**A**) XPS survey of HCNT Powder. (**B**) High resolution C 1s XPS spectra shows components at 284.5 eV (Helical CNTs) and \~290 (satellite peak for graphitic carbon). Scatter points are raw data and solid lines are fits and background. (**C**) High resolution Cl 2p XPS spectra. (**D**) High resolution Al 2p XPS spectra.

(TIF)

###### 

Click here for additional data file.

###### 

**Raman spectroscopic analysis of HCNTs.** Raman spectroscopy data for helical HCNT powder showing peaks related to the doubly degenerate optical phonon mode at the Brillouin zone center (G-peak) in graphitic materials, and a disorder-induced peak related to defects in the crystal structure (D-peak)(8).

(TIF)

###### 

Click here for additional data file.

###### 

**DLS analysis of HCNTs.** Dynamic light scattering of HCNTs dispersed in our media show a mean diameter of 532 nm.

(TIF)

###### 

Click here for additional data file.

###### 

**Alveolar macrophage phagocytosis of HCNTs.** Evaluation of macrophages from the BAL of mice exposed to HCNTs shows an average of 71.5% of macrophages containing HCNTs in their cytoplasm following a single exposure while 88% of macrophages have phagocytized HCNTs after 3 weeks of repeated exposure.

(TIF)

###### 

Click here for additional data file.

###### 

Supporting text.

(PDF)

###### 

Click here for additional data file.
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